Biogenesis of iron-sulfur cluster proteins is a highly regulated process that requires complex protein machineries. In the cytosolic iron-sulfur protein assembly machinery, two human key proteins-NADPH-dependent diflavin oxidoreductase 1 (Ndor1) and anamorsinform a stable complex in vivo that was proposed to provide electrons for assembling cytosolic iron-sulfur cluster proteins. The Ndor1-anamorsin interaction was also suggested to be implicated in the regulation of cell survival/death mechanisms. In the present work we unravel the molecular basis of recognition between Ndor1 and anamorsin and of the electron transfer process. This is based on the structural characterization of the two partner proteins, the investigation of the electron transfer process, and the identification of those protein regions involved in complex formation and those involved in electron transfer. We found that an unstructured region of anamorsin is essential for the formation of a specific and stable protein complex with Ndor1, whereas the C-terminal region of anamorsin, containing the [2Fe-2S] redox center, transiently interacts through complementary charged residues with the FMN-binding site region of Ndor1 to perform electron transfer. Our results propose a molecular model of the electron transfer process that is crucial for understanding the functional role of this interaction in human cells.
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Fe/S protein maturation | CIAPIN1 domain | diflavin reductase I ron-sulfur clusters (ISCs) are ancient inorganic cofactors that are crucial for many protein functions in eukaryotic and bacterial cells (1) (2) (3) . The clusters are composed of inorganic sulfide and ferric/ ferrous iron atoms, the latter being preferentially coordinated by cysteinyl residues (4) (5) (6) . Because inorganic sulfide and ferrous/ferric iron atoms are toxic in vivo, biosynthesis of ISC proteins within cells is a highly regulated process that requires complex protein machineries for the mobilization of Fe and S atoms from appropriate sources, for their assembly into ISC forms and their final delivery to the recipient proteins (7) (8) (9) . Three distinct protein machineries are operative and essential in the (nonplant) eukaryotic cells for the biogenesis of ISC proteins: (i) the ISC assembly machinery in the mitochondrial matrix, (ii) the ISC export machinery located in the mitochondrial intermembrane space, and (iii) the cytosolic iron-sulfur protein assembly (CIA) machinery.
The CIA machinery comprises several proteins (10, 11) , among which one named Dre2 has been recently identified in yeast (12) . The C-terminal domain of Dre2 (residues 228-348) is able to bind two ISCs, a [2Fe-2S] and a [4Fe-4S] (12, 13) . The [2Fe-2S] cluster of Dre2 receives electrons from a cytosolic diflavin reductase, termed Tah18 (13) , which contains a FAD and a FMN prosthetic group, respectively, bound in two distinct structural domains, to accept electrons from NADPH (14) . Dre2 and Tah18 are protein partners forming a stable complex in vivo (13, 15) . The C-terminal region of Dre2 (residues 173-348) is fundamental to form, both in vivo and in vitro, the stable complex with Tah18 (16) . The Tah18-Dre2 interaction is essential for yeast viability and it has been implicated in cellular death regulation mechanisms (16) . This complex was proposed to provide electrons necessary for the CIA machinery (13) and for assembling the diferric tyrosyl radical cofactor of ribonucleotide reductase, Rnr2 (17) . However, the molecular basis of these processes has not been elucidated. The electron transfer process observed in yeast is possibly conserved in humans as the functional orthologs, NADPH-dependent diflavin oxidoreductase 1 (Ndor1) and anamorsin, form a stable complex in vivo that can functionally replace the Tah18-Dre2 complex in yeast cells (13, 15) . Similar to Dre2 but with significant differences in the number of residues, anamorsin contains two domains (an N-terminal domain of 172 residues and a C-terminal domain of 90 residues, named cytokine-induced apoptosis inhibitor 1 (CIAPIN1) hereafter, which contains two highly conserved cysteine rich motifs, CX 8 CX 2 CXC and CX 2 CX 7 CX 2 C) connected by a linker of 51 residues (18) . Recently, we reported the solution structure of the well-folded N-terminal domain of anamorsin [Protein Data Bank (PDB) ID: 2LD4] and showed that the CIAPIN1 domain of anamorsin, at variance with Dre2, does not bind a [4Fe-4S] cluster but binds a [2Fe-2S] cluster through the CX 8 CX 2 CXC motif of CIA-PIN1 (18) . Recent EPR data also support the presence of only the [2Fe-2S] cluster(s) in Dre2 (19) .
Like yeast Tah18, human Ndor1 belongs to the family of diflavin reductases and consists of two domains: the first binds FMN (FMN-binding domain, hereafter), and the second binds FAD and NADPH (FAD-binding domain, hereafter). On the basis of the well-known electron transfer mechanism occurring in diflavin reductase enzymes (14) (i.e., electrons are transferred from NADPH to FAD and then to FMN, which serves as a donor for one-electron terminal acceptors), the FMN-binding domain is the part of Ndor1 directly interacting with the terminal electron acceptor anamorsin. On this basis, the FMN-binding domain of Ndor1 has been used within this study.
In the present work we unravel the molecular basis of the recognition and of the electron transfer process between Ndor1 and anamorsin. This is based on the structural characterization of the FMN-binding domain of Ndor1 and of the C-terminal region (linker and CIAPIN1 domain) of anamorsin containing the [2Fe-2S] cluster in the oxidized state ([2Fe-2S]-anamorsin, hereafter) and on the identification of the protein regions between [2Fe-2S]-anamorsin and the FMN-binding domain of Ndor1 responsible for the formation of their stable complex and of those regions interacting in the electron transfer process. The molecular model of the electron transfer process proposed here provides significant information on the functional processes in which the anamorsinNdor1 interaction has been implicated, i.e., the assembly of ISCs (13) and diferric (17) proteins and the regulation of cell survival/ death mechanisms (15, 16) . This article is a PNAS Direct Submission.
Data deposition: The atomic coordinates and structure factors have been deposited in the Protein Data Bank, www.pdb.org (PDB ID code 4H2D). 1 To whom correspondence should be addressed. E-mail: banci@cerm.unifi.it. (FMN-Ndor1 hereafter) shows the classical fold of FMN-binding domains of diflavin reductases (20, 21) and consists of a wound α-β-α fold with five parallel β-strands (the fifth strand divided in two short β-strands with a gap of four residues) in the core of the molecule flanked by two helices on one side (α1 and α5) and three (α2, α3, and α4) on the other (Fig. 1A and Table S1 ). This structural organization is fully maintained in solution (SI Materials and Methods). A search for structurally related proteins using the Dali server identifies the FMN-binding domain of the diflavin reductase NADPH-cytochrome P450 reductase (FMN-CytP450r hereafter, PDB ID 1B1C, Z-score of 23.9, rmsd 1.5 Å) as the closest structural homolog in the human proteome. With the exception of the absence, in FMN-Ndor1, of a N-terminal helix, which is spatially close to helix α2 in FMN-CytP450r, the α-helices and β-strands involve a similar number of residues (Fig. 1B) . On the contrary, the loops show more variability, in the main affecting two spatially close loops connecting helix α2 and strand β3 and helix α3 and strand β4, respectively (Fig. 1B) . These loops in FMN-Ndor1 are, respectively, shorter and longer than those in FMN-CytP450r, thereby making helix α2 and helix α3 shorter by two residues in FMN-Ndor1 (Fig.  1B) . Although structurally very similar, FMN-Ndor1 and FMNCytP450r are quite different in terms of charged residues and charge surface distribution. The majority of these differences are located in helices α2 and α3, which are close to each other on the same face of the β-sheet. They are both negatively charged in FMNCytP450r whereas they are, respectively, neutral and positively charged in FMN-Ndor1 (Fig. 1C) . A negative electrostatic potential around the FMN-binding site is still maintained in FMN-Ndor1, even if to a lesser extent than that in FMN-CytP450r (Fig. 1C ).
Structural Characterization of the C-Terminal Region of [2Fe-2S]-
Anamorsin. The C-terminal region of [2Fe-2S]-anamorsin, which includes the linker (residues 173-223) and the CIAPIN1 domain (residues 224-312) coordinating an oxidized, paramagnetic
2+ cluster (18) was structurally characterized through solution NMR. The linker does not show any specific secondary structural element with the exception of the short hydrophobic stretch 192-195 showing some α-helical secondary structure propensity (Fig. S1 ). The simultaneous occurrence of paramagnetic effects on resonance linewidths, of poor chemical shifts dispersion of the NMR signals, and of extensive resonance overlap made the structural characterization of the CIAPIN1 domain in full-length anamorsin essentially impossible. Therefore, we cloned and produced it as an independent domain in a construct reported as isoform 2 in the UniProt database (residues 205-312, CIAPIN1-single hereafter). The electrospray ionization (ESI)-MS, UV/visible, and EPR spectra of CIAPIN1-single showed the same spectroscopic features for the [2Fe-2S] cluster as those in [2Fe-2S]-anamorsin ( H}-NOE values, indicating their tendency to adopt a partially defined conformation, but still not characterized by a stable 3D structure (Fig. S3 ). It can be concluded from the available chemical shift values that residues 254-264, a stretch that connects the two cysteine motifs, residues 229-235, which precede the metalbinding motif, and some residues located in the CX 2 CX 7 CX 2 C motif, have a propensity to be in an α-helical conformation (Fig.  S3) , whereas all of the other residues have essentially a random coil conformation, in full agreement with the low α-helical content observed in the circular dichroism spectrum.
Backbone NHs affected by fast, paramagnetic relaxation properties were identified through a Cα relaxation rates, and 51 dihedral angle restraints (see SI Materials and Methods for details). This structural model was then subjected to an unrestrained molecular dynamics (MD) simulation of 100 ns to explore possible, further (Fig. 3A) . These NMR data indicate the formation of a tight, large molecular mass complex, which is in slow exchange, on the NMR timescale, with the isolated proteins. The chemical shift variations observed in the 1 H- 15 N HSQC spectra of the complex vs. FMN-Ndor1, mapped on the structure of the FMNbinding domain, indicated a well defined protein-protein recognition region (Fig. 4A) . Specifically, the major spectral changes are observed on the spatially close helices α2, α3, and α4 and on the two loops following helices α2 and α3, described above as structurally different from FMN-CytP450r (Fig. 4A) . Smaller spectral changes are also observed for several residues in the four loops surrounding the FMN moiety (Fig. 4A) . The residues directly involved in protein-protein recognition, based on their large chemical shift changes as well as their high solvent accessibility (relative solvent accessibility above 50%), identify three main areas characterized by negatively charged, positively charged, and hydrophobic residues, respectively (Figs. 1C and 4A), with the negatively charged area surrounding only the FMNbinding site.
When analyzing the interaction from the anamorsin side, it appears that chemical shift changes in the (Fig. S5) . This behavior indicates that the unstructured C-terminal region of anamorsin interacts with oxidized FMN-Ndor1, whereas the N-terminal, well-structured domain of anamorsin is not involved in protein-protein recognition. Accordingly, no chemical shift perturbations were observed when oxidized, 15 N-labeled FMN-Ndor1 was titrated with the N-terminal domain of [2Fe-2S]-anamorsin produced as an independent domain (Fig. S4 ). This result is consistent with the absence of any interaction between the N-terminal domain of Dre2 and Tah18, as monitored both in vitro and in vivo (16) . When the anamorsin/FMN-Ndor1 interaction was monitored on a 13 C, 15 Nlabeled oxidized [2Fe-2S]-anamorsin sample by 13 C-direct detection CON, CACO, and CBCACO NMR experiments (Fig. S5) , which experience increased spectral resolution for unstructured proteins (26) , the spectral changes are located in the region preceding the CX 8 CX 2 CXC motif (residues 185-223), encompassing the last 38 residues of the linker. This region can be partitioned in two main areas characterized by specific amino acid content: a highly hydrophobic area (residues 188-202) and a negatively charged area (residues 204-223) (Fig. S6 ). These two areas match, respectively, the hydrophobic and positively charged areas of FMN-Ndor1 involved in protein recognition, which are not directly in contact with the FMN cofactor (Fig. 1C) . Such interactions are thus those responsible for the formation of a specific and stable protein complex between Ndor1 and anamorsin.
Oxidized [2Fe-2S]-CIAPIN1-single interacts also with oxidized FMN-Ndor1, but on a fast exchange regime on the NMR timescale (Fig. 3B) . The chemical shift changes on FMN-Ndor1 are smaller than those detected when the complex is formed with [2Fe-2S]-anamorsin and involve a lower number of residues (Figs.  3 and 4) . Still, on the FMN-Ndor1 structure the interacting residues are localized in an area that is part of the interacting surface of the complex between [2Fe-2S]-anamorsin and FMN-Ndor1 (Fig. 4B) . These results indicate that a specific protein-protein interaction still occurs but the two proteins do not form a stable complex (Fig. 3) . Therefore, the hydrophobic interacting residues of the linker (188-202, • species. Indeed, the absorbance at 432 nm, i.e., the isosbestic point of the FMNH 2 and FMNH
• species, decreases over time, indicating the reduction of the [2Fe-2S] cluster because the latter absorbs at this wavelength only in its oxidized state (Fig. S7) ; and the formation of the FMNH
• state is monitored by the increase of the absorbance at 650 nm that is due only to the presence of the FMNH
• species (Fig. S7) . The rate of the [2Fe-2S] cluster reduction is of the same order of magnitude in [2Fe-2S]-anamorsin and in [2Fe-2S]-CIAPIN1-single (Fig. S7) . Because the midpoint reduction potentials of the oxidized/semiquinone and semiquinone/dihydroquinone couples present in the FMN-binding domain of Ndor1 are −146 mV and −305 mV (27) , respectively, the reduction potentials of the [2Fe-2S]
+2

/[2Fe-2S]
+1 cluster center in anamorsin have to be in between these two values.
To specifically monitor the interaction between the two redox centers ([2Fe-2S] cluster and FMN) involved in the electron transfer process, paramagnetic (Fig. S5) , despite the fact that the two proteins form the tight, large molecular mass complex. The occurrence of small chemical shift variations suggests the presence of interactions with no specific orientation at the redox centers. Rather, there is a dynamic ensemble of orientations governed predominantly by longrange electrostatic forces as already observed in other electron transfer protein complexes (28, 29) . This is in agreement with the presence of a positively charged region nearby the [2Fe-2S] cluster (Fig. S6) and a negatively charged region surrounding the FMNbinding site (Fig. 1C) . Electron transfer over a sufficiently short distance is still possible in multiple orientations and the requirement to form a specific interaction is less stringent (28) . This is especially true in the present case in which the specificity in protein-protein recognition is already guaranteed by intermolecular contacts involving hydrophobic and complementary charged residues far from the [2Fe-2S] cluster and FMN regions.
As the interaction between anamorsin and FMN-Ndor1 still occurs also between apo-anamorsin and oxidized FMN-Ndor1 and between oxidized [2Fe-2S]-anamorsin and fully reduced FMNH 2 -Ndor1, as monitored through NMR experiments (Fig. S8) , it results that the redox state of the FMN moiety as well as the presence or not of the [2Fe-2S] cluster does not affect the formation of the protein complex. This behavior suggests that the protein-protein interaction interface is not affected by the redox centers and is fully consistent with a protein-protein recognition process determined by residues far from the redox centers. The same behavior was reported for the in vitro interaction of the yeast homologs, where apo-Dre2 showed stable interaction with Tah18 (16).
Discussion
In this work, we defined the molecular basis for the recognition between the diflavin reductase Ndor1 and the iron-sulfur protein anamorsin and for the electron transfer process between them. We showed that the two proteins form a stable complex where one electron is transferred from the hydroquinone state of the FMN moiety of Ndor1 to the oxidized [2Fe-2S] cluster of anamorsin. The stable complex is achieved thanks to specific proteinprotein recognition between a completely unstructured region of anamorsin (residues 185-223), which is part of the linker separating the N-terminal domain from the C-terminal CIAPIN1 domain, and a α-helical-containing face of the FMN-binding domain of Ndor1. This molecular recognition is specifically governed by hydrophobic and complementary charged interacting residues. In particular, the hydrophobic interactions are essential to ensure the formation of a stable complex, the electrostatic interactions are determining only a transient complex between anamorsin and the FMN-binding domain of Ndor1, and the N-terminal domain of anamorsin is not involved in the recognition process. The formation of the stable complex is independent of the presence of the [2Fe-2S] center as well as of the redox state of the FMN moiety, indicating that the two protein partners do interact permanently and no dissociation occurs along the electron transfer process. The two redox centers, on the other hand, transiently interact via electrostatic interactions between a negatively charged region surrounding the FMN moiety and a positively charged region surrounding the [2Fe-2S] cluster. All these data lead to a molecular model for the protein-protein recognition and for the electron transfer process according to which (a) the two proteins form a stable complex through specific interactions involving regions that are not in direct contact with the redox cofactors; (b) the areas surrounding the FMN and [2Fe-2S] redox moieties transiently and weakly interact with each other, exchanging one electron; and (c) the unstructured region comprising residues 185-223 is essential for the complex formation and can contribute in positioning the CIAPIN1 domain containing the [2Fe-2S] cluster in those orientations that can efficiently receive the electron(s) from the hydroquinone state of the FMN redox center. This molecular model nicely fits with the overall electron transfer chain occurring in diflavin reductases, which deliver electrons from NADPH to FMN through the mediation of FAD. Indeed, when the region of the FMN-binding domain of Ndor1, which stably interacts with anamorsin, is mapped on a structural model of entire Ndor1 (obtained from the crystal structure of the homologous human cytochrome P450 reductase in the closed conformation where the FMN and FAD moieties are in close contact to each other, thus ensuring an efficient interflavin electron transfer), this region is still largely solvent exposed and therefore still able to interact with anamorsin (Fig. 5) . Consistent with this, coimmunoprecipitation data showed that anamorsin and Ndor1 form a stable complex in vivo (13) . The transient interaction observed for the protein regions containing the two redox cofactors FMN and [2Fe-2S] also fits well in the overall electron transfer process of diflavin reductases. For diflavin reductase enzymes, it is well established that a conformational change from the closed conformation to a more open one is required to promote the final electron transfer from FMNH 2 to its substrate (30) . Otherwise, the reduced FMN would have too restricted solvent accessibility in the closed conformation to efficiently deliver electrons to the substrates (30) (31) (32) . It has been also found that the open conformational state is significantly populated in the NADPH-bound, reduced state of diflavin reductases (31, 33, 34) . At variance with the stable interaction between the FMN-binding domain of Ndor1 and the unstructured region of anamorsin, the transient interaction observed in the regions containing the FMN and [2Fe-2S] cofactors can be easily regulated upon the occurrence of the conformational closed-to-open equilibrium of the FAD/FMN domains of Ndor1. Indeed, the FMN-[2Fe-2S] interaction could be favored when the interacting area of Ndor1 surrounding the FMN moiety is solvent exposed in the open conformation and unfavored in the closed conformation, which does not expose this interacting area (Fig. 5 ). An electron transfer process coupled with tightly regulated conformational rearrangements can therefore be proposed to occur in the anamorsin-Ndor1 complex ( Our study lays out the molecular basis for the comprehension of the two functional processes in which the anamorsin-Ndor1 complex is implicated, i.e., assembly of Fe/S proteins and regulation of cell survival/death mechanisms. From our data we can propose that the electron transfer process responsible for the assembly of ISC (13) and diferric (17) proteins occurs within a stable complex without the dissociation of the two protein partners but just through the modulation of the interactions of the domains involved in the electron transfer process. Although the molecular targets of the electron transfer flow generated by this protein-protein complex are not yet defined, suggestions for the targets of the electron flow include the conversion of the sulfur of cysteine (formally S 0 ) to the sulfide (S 2− ) present in Fe/S clusters and/or the reductive coupling of two [2Fe-2S] clusters to form a [4Fe-4S] cluster (13) . This nondissociative electron transfer process might also rationalize how anamorsin regulates cell survival/death mechanisms in human cells (35) and why a stable Dre2-Tah18 interaction is essential for yeast viability (16) . Indeed, the disruption of the stable interaction between anamorsin and Ndor1 might provoke the interruption of the electron flow between the two proteins within the cell and, as a result of that, its essential function for cellular survival is abolished and consequently cell death mechanisms might be activated. 
